Geoscientific data interpretation is a highly subjective and complex task because human intuition and biases play a significant role. Based on these interpretations, however, the mining and petroleum industries make decisions with paramount financial and environmental implications. To improve the accuracy and efficacy of these interpretations, it is important to better understand the interpretation process and the impact of different interpretation techniques, including data processing and display methods. As a first step toward this goal, we aim to quantitatively analyze the variability in geophysical data interpretation between and within individuals. We carried out an experiment to analyze how individuals interact with magnetic data during the process of identifying prescribed targets. Participants performed two target spotting exercises where the same magnetic image was presented at different orientations. The task was to identify the magnetic response from porphyrystyle intrusive systems. The experiment involved analyzing the data observation pattern during the interpretation process using an eye tracker system that captures the interpreter's eye gaze motion and the target-spotting performance. The time at which targets were identified was also recorded. Fourteen participants with varying degrees of experience and expertise participated in this study. The results show inconsistencies within and between the interpreters in target-spotting performance. The results show a correlation between a systematic data observation pattern and target-spotting performance. Improved target-spotting performance was obtained when the magnetic image was observed from multiple orientations. These findings will help to identify and quantify the effective interpretation practices, which can provide a roadmap for the training of geoscientific data interpreters and contribute toward the understanding of the uncertainties in the data interpretation process.
Introduction
An understanding of the most effective and efficient ways to interpret geophysical data sets is important because decisions with significant economic, environmental, and social implications are made on the basis of the interpretations. Geoscientific data interpretation is based on pattern recognition. The interpreter looks for patterns in the data that are compatible with their expectations of the results of geologic processes and how these appear in geophysical data. For example, an anastomosing pattern of lineaments in aeromagnetic imagery or a down-converging pattern of reflector offsets in seismic data may be interpreted as having geometric characteristics consistent with a flower structure and a wrench-tectonic geologic environment.
Many types of geophysical data are presented as images; for example, seismic reflection sections and maps of variations in the intensity of potential fields. There is no universally accepted method for interpreting geophysical imagery. The interpretation outcomes are heavily dependent on the skills and experiences of interpreters, who inevitably bring their personal biases to the process. Interpretational skills are often acquired by informal interactions with experienced colleagues, by attending short courses, through studying the literature, or by trial and error.
In this paper, we describe a study that captures, analyzes, and seeks to understand how individuals approach the qualitative interpretation of aeromagnetic data. The data used in our experiments is an aeromagnetic data set from an area of known porphyry-style mineralization and the exercise, which acts as a vehicle to understand how different individuals approach its analysis, involves identification of magnetic responses indicative of prospective geology. Data observation patterns are tracked in real time using an eye tracker system (ETS) during the interpretation process. Then, together with interpreter feedback, we assess the 1 University of Western Australia, Centre for Exploration Targeting, Perth, Australia. E-mail: sivary01@student.uwa.edu.au; eun-jung.holden@ uwa.edu.au; michael.dentith@uwa.edu.au. accuracy and efficiency of geologic target detection within magnetic data for individual interpreters. Although the use of an eye tracker is new to geoscientific research, it is widely used in studies of humancomputer interactions (Goldberg and Kotval, 1999; Prendinger et al., 2007) and automated classification of, for example, video data acquired for medical purposes (Vilarino et al., 2007) .
Previous analysis of the interpretation of geoscientific data
Understanding of the earth's subsurface based on the interpretation of geoscientific data is a challenging task. The complex natural environment needs to be predicted based on multiple data sets (geophysical, geologic, and geochemical) each with its own characteristics and limitations. The data are often ambiguous, incomplete, inaccurate, and of low resolution (Frodeman, 1995) . There are a limited number of published studies on how geoscientists interpret their data. The approaches used and desired outcomes are extremely variable. Variability or human biases in interpretations have been researched in the areas of oil and gas exploration (Bratvold et al., 2002) and seismic data interpretation for petroleum related studies (Rankey and Mitchell, 2003; Bond et al., 2007) . Rankey and Mitchell (2003) have carried out a study designed to qualitatively and quantitatively analyze the impact of interpretation and the uncertainties associated with it on seismic attribute analysis for the prediction of reservoir properties. They use six different interpreters for this study, and among these, two are experts and the rest are intermediate. Another study by Bond et al. (2007) analyzes the results of the interpretation of some seismic data. In their study, a synthetic seismic image was interpreted by 412 participants with varying levels of experience and training. Their results showed that only 21% of the participants successfully identified the three major faults present in the image and 23% identified the correct tectonic setting. Rankey and Mitchell (2003) find that seismic interpretations are influenced by the interpreter's biases based on previous experience, preconceived notions, types of data available, data quality, and geologic understanding, whereas Bond et al. (2007) claim that prior knowledge has a greater influence.
In an alternative approach, Welland et al. (2006) study how the type of color display impacts the interpretation of seismic data. They emphasize the nonlinear nature of human color perception, that is, equal amounts of change in blue and yellow tones are not perceived as equal by the viewer. To reduce the interpreter bias in interpretations, they proposed a psychological color space to code the seismic data.
In a study specifically focusing on mineral exploration, Wastell et al. (2011) study decision uncertainties. They carried out an experiment involving 94 individuals from mineral exploration companies. The participants were asked to identify the chances of either finding a deposit that can be mined or the existence of the ore of a particular metal, estimated purchase price, and to propose what additional exploration data was required to increase confidence in their decision. They reported that variability in mineral exploration decision making is due to human predispositions, such as rational thinking and cognitive closure.
Unlike the studies summarized above, our research focuses on a more fundamental problem. We seek to understand how interpreters observe the data while interpreting and its impact on the effectiveness and efficiency of the interpretation. We monitor and profile the eye gaze of an interpreter while they are interpreting using an ETS. Our preliminary studies (Chadwick et al., 2010; Sivarajah et al., 2012a) demonstrate the feasibility of capturing eye-gaze data to effectively monitor and analyze the data observation patterns during geoscientific target spotting exercises on magnetic and seismic data sets.
Experiment and data processing
We present a study that compares how different individuals interact with the same magnetic data set and how this is related to their effectiveness in identifying exploration targets. The experiment involves exercises that require participants to recognize targets that have characteristics suggestive of gold-copper rich porphyry systems. The relevant magnetic anomalies have a distinct "Mexican hat" like character comprising subcircular magnetic highs with surrounding annular lows (Holden et al., 2011; Hoschke, 2011) (Figure 1 ). Data observation patterns are captured by the ETS along with user feedback on the targets recognized. Based on the results, we quantitatively analyze the impact of such variations as displaying the data in different orientations and how the observation strategies of different interpreters affect individual and overall targetidentification performance. Capturing eye gaze motion using the eye tracker
We used a mobile eye tracker available from Applied Science Laboratories. The tracker uses two video cameras and three infrared light emitting diodes (LED), which are mounted on a pair of standard safety glasses (Figure 2a ). There is a circular cutout in the right lenses of the glasses. This cutout allows for the placement of an adjustable monocle that reflects the infrared light beam from the LEDs, which are arranged in a triangular pattern, onto the eye surface. Eye gaze is determined by comparing the reflected infrared light from the cornea and the pupil, which are captured by the first camera. A forward-facing second camera records the interpreter's field-of-view (FoV). Figure 2 shows the ETS glasses and the experiment setup. At the beginning of each experiment, the participants were seated in front of a display monitor at a convenient distance (from 60 to 100 cm) and were then fitted with the ETS glasses. The eye tracker needs to be calibrated for every subject; this process is required to enable accurate calculation of the eye gaze coordinates. This calibration is achieved by requesting the participants to fix their gaze on known locations and marking those points on the FoV video frame. We used 13 points to cover the entire monitor screen. The accuracy of the eye coordinates was revalidated between the exercises.
The eye tracker follows the interpreter's eye movement in real time to calculate the locations of focus with respect to the FoV camera video frames ( Figure 3a) . These eye gaze locations should be transformed to the corresponding coordinates with respect to the displayed data region. This process requires the analysis of each video frame to identify the location of the displayed data region (that is, the corners of the monitor screen) with respect to the FoV video frame and transforming the eye gaze locations. We developed a robust algorithm to estimate these locations using image processing techniques which involves the following steps. First, it performs camera lens distortion correction to transform the FoV image that has barrel distortion as shown in Figure 3a into a perfect perspective projection image as shown in Figure 3b . Second, edge detection is performed to find the boundaries of the data region within the FoV image as shown in Figure 3c . Third, it identifies the four corners of the rectangular data region as shown in Figure 3d . Finally, the eye gaze coordinates, which were previously with respect to the FoV image are transformed into the coordinates with respect to the displayed data region using 2D homography as shown in Figure 3e .
Test data set
The ground magnetic data used in the experiment were collected with a line spacing of 100 m and gridded at a 25-m cell size. The data have been upward continued to 50 m to suppress short wavelength responses, which are mostly noise originating in the near surface. Finally, the data was reduced to the pole (RTP) to, ideally, give symmetrical responses centered on deposits.
Quantitative measurement of the target spotting performance requires ground truth data. In practice, this is not fully achievable because one cannot definitely recognize the entire set of true targets in the image without a prohibitive amount of drilling in the survey area. The survey used in this experiment is over a very wellexplored area that has known deposits that could be used as the target set. However, the number of targets is still limited and they do not include many of the magnetic anomalies that have the desired qualities.
Although recognition of what are actual targets is appealing, the experiment is ultimately one of pattern recognition. Thus, for the set of targets for our analysis, we decided to also use the targets generated by a pattern recognition algorithm designed to identify the magnetic responses of porphyry systems (Holden et al., 2011) , which is known as the CET Porphyry Analysis Extension for Geosoft Oasis Montaj™. (n.d.). The set of true targets used to judge the accuracy of the subject's interpretation is a combination of those derived by both means. These 42 targets are shown in Figure 4 .
Interpreter tasks
Fourteen participants with varying levels of experience and expertise participated in this study. All of our participants were trained geophysicists or geologists with experience in magnetic data interpretation. All had normal or corrected-to-normal vision. The experiment consisted of two exercises, both of which use the same magnetic image, but displayed it in different orientations. The intent was to understand the impact on interpretation of viewing the data in different orientations. For the first exercise, the image was displayed in a normal fashion, i.e., with north toward the top of the page (Figure 5a ), which will be referred to as the original image. For the second exercise, the image was rotated by 180º (Figure 5b ), which will be referred to as the rotated image. Both images were illuminated with a false sun located as if higher up the page, i.e., from actual north in the original image and actual south in the rotated image. This is because of the well-known problem that illumination from below the image can cause apparent inversion of the topography in an image which includes false-sun illumination. The disadvantage of this approach is that the two images are slightly different. Participants were given three minutes for each exercise and had a 30-minute break, during which they were distracted with other tasks. Subjects 10-13 saw the rotated image first and all the other subjects saw the original image first.
Written instructions were displayed on the monitor screen at the beginning of each exercise. During the exercise, the participants were asked to press a keyboard button as soon as they identified a target, while fixing their eye gaze at the target location. We captured the data eye-gaze movements during the target-spotting task using the ETS. We also recorded the time of the target identifications by capturing the button click times. Following the experiment, all participants were asked to rank themselves (from 1 to 10) in their level of expertise for this task.
Characterization of interpreter performance
Two aspects of the interpreter's interaction with the data were assessed: (1) success rate, which is based on comparison of the user-identified targets and the ground truth targets; and (2) data observation patterns, which provides information about the individual's approach to target identification.
Success rate
Data were analyzed based on the participants' analysis of the original image, the rotated image, and the combination of the two. Data recorded include porphyries correctly selected as targets (true positive) and also the incorrect identifications (false positives). Note that, in some cases, participants selected the same target multiple times when viewing an image, but these repeat identifications were not included in the analysis. When the data from the analysis of the original and rotated images were combined, repeat identifications were also not included. Based on this information, we quantified target identification performance by calculating "Recall" R and "Precision" P (equation 1):
where N k is the number of true targets in the image; N k ¼ 42 (Figure 4) . Here, N ik is the number of targets correctly identified by the participant, and N s is the total number of targets identified (without duplication) by the participant. The ratio between the identified false targets and all the targets identified (without duplication) by the participant is represented by 1-P.
Observation patterns
We used four different eye-gaze-based measures to quantify the data observation patterns. These are the scan path length, scan path duration, number of saccadic eye movements, and the number of fixations.
Scan path length is the total distance traced by the eye during the exercise (measured in pixels). We also computed the mean scan path length between target identifications. An equivalent temporal measure is scan path duration between target identifications. These parameters are indications of the efficiency of the data analysis (Goldberg and Kotval, 1999) .
Fixation is defined as maintaining the eye gaze on a particular location for at least 100-150 ms (Viviani, 1990) . The eyes typically fixate on locations that an individual finds to be surprising, salient, or significant (Loftus and Mackworth, 1978) . Saccades represent the rapid movement of the gaze point from one location to another. By definition, the number of saccades is equal to the number of fixations minus one. Put simply, eye gaze can be thought of as comprising a series of fixations separated by saccades. There are various ways to define what constitutes a fixation in terms of spatial variation about a specific location. We used the algorithm described in Goldberg and Kotval (1999) , which identifies the fixations by detecting continuous observations at a particular location (within 40 pixels radius) for at least 166 ms. During fixation, the human visual system is processing the visual information, observing the peripheral areas of the visual field and planning the next saccade (Goldberg and Kotval, 1999 ) based on what is present in the peripheral areas.
We calculated the number of saccades between the target selections (button clicks) for each participant and obtained the average number of saccades between the target selections. We also computed the number of fixations and their spatial distribution, which represent the magnetic features the participant considered as possible targets. We divided the image into four quadrants and counted the number of fixations per quadrant for each participant and obtained the average number of fixations in each quadrant by all the subjects for the original and rotated image exercises.
Results and discussion
Using the individual target-spotting performances and the eye-gaze profile data, we analyzed the individual variability in three different aspects: targetspotting performance, data observation patterns, and impact of data observation from multiple orientations. Figure 6 shows the target-spotting performance of all 14 participants for the original and rotated image exercises and both exercises together. Recall ranges from 0.17 to 0.67 with an average of 0.36 for the original image exercise and from 0.10 to 0.43 with an average of 0.26 for the rotated image exercise (Figure 6a ). There is significant variation between the results from the different exercises as completed by each individual and the performance of individual interpreters. Interestingly, the level of self-assessed expertise did not correlate with participants' performance in terms of target detection accuracy (correlation coefficients between the ranking based on their self-assessments and the rankings based on the target-spotting performances in original, rotated, and combined exercises are 0.14, 0.44, and 0.19, respectively). Analyzing the impact of past experience in the accuracy and efficiency of data interpretation is an intriguing area of research, but it requires a large number of participants and is considered to be beyond the scope of this study. Here, we use the outcomes of the target identification exercise as a measure of expertise, referring to them as high achievers and low achievers.
Variability in target-spotting performance

Impact of data observation from different orientations
Most of the participants (10 participants) performed better in the original image exercise than the rotated image exercise (with an average recall difference of 92%), regardless of the order in which the exercises were performed (subject numbers 10-13 performed the rotated image exercise first). Four subjects obtained better performance in the rotated image exercise (with average difference of 22%). This shows the variability in target-spotting performance based on the orientation of the data within each subject. Even though the participants saw the same targets in the first and second exercises, the second (rotated image) exercise resulted in lower success rates. Which image was seen first did not affect this result. This demonstrates that working with the data in the first exercise did not help them to perform better in the later exercise. This is probably because the exercise is too short for the gaining of significant advantage from the earlier assessment. It is hard to explain why performance was better with the original image. The most likely explanation is that it is related to the different (relative to the data) illumination direction. This is difficult to correct because many people visualize apparent topography inverted according to whether a data set is illuminated from the north or from the south. It was for this reason that a consistent (relative to display) illumination direction was used. The important outcome from this component of the experiment is that orientation and/or direction of illumination does make a difference. Determining how and why will be the subject of a further study.
Even though most of the subjects performed better with the original image, there are sometimes missed targets, which were identified in the rotated image. This is represented by the performance improvement obtained in the combined analysis (Figure 6a ). Eight participants obtained higher recall in the combined case than the original image exercise, while others had no improvements (subjects 4, 6, 11, and 14); however, in comparison to the rotated image exercise all of the participants had an improvement in the combined task. Average increase in the recall rate for the combined viewing over the original image exercise is about 20% and over the rotated image exercise is 81%. Precision calculations indicate participants had relatively high precision (greater than 75%) in the original and rotated image exercises (Figure 6b ). Comparable precision rates and the overall improvement in the recall rates for the combined exercise quantitatively shows that the geoscientific data interpretation performance could be improved by practicing to observe the data from multiple orientations during interpretation. Geoscientists traditionally interpret data from different orientations by rotating the maps because printed maps were used for interpretation in the early days. Nowadays, most interpretations are done within some kind of spatial analysis software package. Our results demonstrate the need for a functionality to flexibly view data in different orientations.
Variability in data observation patterns
Data observation patterns differ significantly among subjects. Figure 7 shows examples of two different observation patterns. In these figures, differently colored eye-gaze traces represent the data observation between any two target selections (button clicks). The data in Figure 7 show the eye traces of high-achieving interpreters and low-achieving interpreters. The data observation patterns of low achievers are far more complicated and have more random eye-gaze motions. The data in Figure 7 show the high achievers have selected the targets more systematically, moving from a target to another nearby. In contrast, the low achievers employed an inefficient method of scanning much larger areas of the image in search of the next target. Figure 8 shows the data observation heat maps, which are generated based on the total amount of time spent on each location during the target-spotting exercise. Heat maps show that the high achiever has visited the entire data region focusing on different porphyry-style features, whereas the low achiever has spent more time on certain specific features. This difference was true in a general sense for all participants, although not universal.
We computed the Pearson product-moment correlation to determine the relationship between different eye-gaze measures and the target-spotting performance (recall). The eye-gaze measures used for this analysis are the mean scan path length, mean scan path duration, and mean number of saccades. Statistically significant strong negative correlation was obtained for the original image exercise and rotated image exercise between these eye-gaze measures and the recall (Table 1) .
Strong negative correlation between the mean scan path length and the recall indicates that performance increases as the mean scan path length decreases, showing that high achievers observed the data more efficiently than low achievers. The negative correlation between the target-spotting performance and the scan path duration indicates that the difficulty in decision making increases with the decrease in target-spotting performance, with high achievers making the decisions more quickly than low achievers. In addition, the increase in the number of saccades between the target selections as the performance declines shows that low achievers had to search harder to identify the targets than high achievers. Overall, these results quantitatively show a strong correlation between targetspotting performance and efficient data observation patterns.
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Target-driven analysis
We divided the ground truth porphyries into three categories based on the number of participants that selected them as targets. If a ground truth porphyry is selected by many subjects it is classed as an easy target. If it is selected by very few participants it is considered to be a difficult target. Features that were selected by none of the subjects were categorized as very difficult. Figure 9 shows easy targets (in green circles), difficult targets (in yellow circles), and very difficult targets (in red circles) for the original and rotated image exercises.
We identified the locations of fixations during the exercises for each participant. Figure 10 shows the locations of the fixations by one participant for the . The images show the number of subjects who identified each ground truth target (a) for original image exercise and (b) for the rotated image exercise. Green circles indicate the easy targets (porphyries selected as targets by more than seven subjects), yellow circles indicate the difficult targets (porphyries selected as targets by less than seven subjects, but at least by one subject), and the red circles indicate very difficult targets (porphyries selected as targets by none of the subjects). The blue triangles indicate the porphyries, where more than 50% of the participants fixated, but failed to select them as targets.
T52 Interpretation / August 2013 original image exercise. Fixation information can explain whether the participant who failed to select the difficult and very difficult targets has actually observed them. Therefore, we calculated the percentage of participants who actually fixated at those locations. Missed targets where more than 50% of the participants fixated are indicated by blue triangles in Figure 9 . Most of these are in regions where the targets are close together and the magnetic signature is confused by interference. There are some targets, which were not visited (fixated) by at least half of the participants, and this is comparatively more in the rotated image exercise than the original image exercise. Missing a target by not visiting them could be minimized by systematically observing the data. Our ongoing study focuses on finding the relationship between geologic target detection and an image saliency model based on color, intensity, and orientation (Sivarajah et al., 2012b) .
To quantify the target-driven data observation, we analyzed the level of interest each participant had in different parts of the image. We divided the image into quadrants ( Figure 11 ) and calculated the number of fixations each participant had in each quadrant by computing the average number of fixations by all participants in each quadrant for the original and rotated image exercises (Figure 12 ). The number of fixations in each quadrant indicates the level of interest of that specific region in the data. Quadrant 2 in Figure 11a is the area with the most number of ground truth targets, and the results from our original image exercise shows a higher number of fixations than other quadrants, as expected. However, in the rotated image exercise, Quadrant 2 in Figure 11b did not have a higher number of fixations than other quadrants. It shows that the same features appearing in different parts of the data seem to attract different levels of attention from interpreters, which affects their interpretation performance. Again, reducing this effect requires viewing the data from different orientations.
Conclusions
In this paper, we present the findings from an ongoing study that aims to better understand the geoscientific interpretation process. Fourteen participants with varying levels of experience and expertise participated in the identification of gold-copper rich porphyry systems within magnetic data present as images. Targetspotting performance shows significant variations between and within individuals based on the orientation of the image, irrespective of the image presentation sequence. The data observation patterns obtained using the eye-tracker system show significant variation among interpreters. The results show a correlation between a systematic data observation pattern and target-spotting performance. Target-spotting performance improves when data are observed from two different orientations. These findings may provide practical guidance on how to train geoscientific interpreters to improve their performance and accuracy by effective interpretation techniques, such as observing data from multiple orientations and observing the data systematically.
The most intriguing aspect of our results is the different performances as a function of data orientation. Explaining this phenomenon requires further research. Our data suggest that the order the images are presented is not the reason. There was no obvious change in observation behavior between the first and second viewing, and when questioned, most participants did not even recognize that they had observed the same data set twice. As noted above, the two images were slightly different because of the preference for sunillumination from the top of the display, but this makes little apparent difference to the appearance of the targets. Specific experiments are required to understand this intriguing result.
Our ongoing and future research focuses on combining the detection of the brain responses associated with the target spotting with the eye-gaze tracking to better understand the interpretation process. Our previous research has successfully shown that target identification can be reliably correlated with brain responses. Such a combination of data might provide insights as to why the participants who fixated at some locations subsequently did not select them as targets. The combination of the brain responses with the eye tracking will not only provide invaluable information for the interpreters, but it will also provide feedback for the software and hardware developers to identify efficient display methods.
